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breeding	 amphibian	 species	 (Epidalea calamita,	 Hyla molleri,	 and	 Pelophylax perezi,	
n = 73–96	single-	cohort	tadpoles/species	genotyped	at	15–17	microsatellite	loci)	and	




program	 to	 estimate	 annual	Na	 in	 the	 three	 species	 and	 calculate	 the	Nb/Na	 ratio.	
Reliable	 ratios	were	obtained	 for	E. calamita	 (Nb/Na	=	0.18–0.28)	 and	P. perezi	 (0.5),	
but	in	H. molleri, Na	could	not	be	estimated	and	genetic	information	proved	insufficient	
for	reliable	Nb	estimation.	Integrative	demographic	studies	taking	full	advantage	of	SF	
and	CMR	methods	 can	 provide	 accurate	 estimates	 of	 the	Nb/Na	 ratio	 in	 seasonal-	
breeding	 species.	 Importantly,	 the	 SF	method	 provides	 results	 that	 can	 be	 readily	
evaluated	for	reliability.	This	represents	a	good	opportunity	for	obtaining	robust	de-
mographic	 inferences	 with	 wide	 applications	 for	 evolutionary	 and	 conservation	
research.




























The Ne/Na	 ratio	 is	 strongly	 dependent	 on	 the	 mating	 system,	
which	 in	turn	 is	conditioned	by	 life-	history	traits	 (e.g.,	 longevity,	age	
of	 sexual	maturation	 and	 senescence,	 length	 of	 reproductive	 cycle)	









pensation	mechanisms,	 and	 thus	variance	 in	 the	Ne/Na	 ratio	 among	















Direct	 calculation	 of	 Ne	 requires	 comprehensive	 demographic	
information	 (Caballero,	 1994;	Vucetich	&	Waite,	 1998;	Waples,	Do,	
&	Chopelet,	2011),	and	 indirect	methods	 (like	single-	sample	genetic	
methods)	 are	 widely	 used	 (Luikart,	 Ryman,	 Tallmon,	 Schwartz,	 &	
Allendorf,	 2010;	 Schwartz,	 Tallmon,	 &	 Luikart,	 1998;	Wang,	 2005;	
Wang	 et	al.,	 2016).	 Especially,	 the	 linkage	 disequilibrium	 (LD)	 and	
the	 sibship	 frequency	 (SF)	 methods	 have	 proven	 the	 most	 reliable	
(Beebee,	2009;	Wang,	2016).	In	species	with	overlapping	generations,	




























&	 Brownie,	 1995;	 Pollock,	 1982).	 The	 efficiency	 of	 robust	 design	
analyses	can	be	maximized	when	the	capture	of	 individuals	 is	con-
centrated	 in	 short	 time	 periods,	 during	 which	 population	 closure	
can	be	assumed	(Kendall	&	Nichols,	1995;	Kendall,	Nichols,	&	Hines,	
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cilitating	 annual	 estimation	 of	Na,	 corresponding	 to	 the	 number	 of	
sexually	mature	individuals	which	are	seeking	to	reproduce.
In	 this	 regard,	 pond-	breeding	 amphibians	 in	 temperate	 latitudes	
represent	 an	 excellent	 study	 system	 because	 their	 seasonal	 aggre-
gative	 breeding	 behavior	 facilitates	 annual	Na	 estimation	 by	 robust	







method	has	 proved	 accurate	 for	Nb	 estimation	when	 sample	 size	 is	
close	to,	or	higher	than,	real	Nb	(Ackerman	et	al.,	2017;	Beebee,	2009;	
Wang,	2016),	or	when	highly	 informative	markers	are	used.	 In	addi-
tion,	 the	 SF	method	 is	 based	 on	 sibship	 reconstruction,	which	 pro-
vides	demographic	 inferences	(e.g.,	the	total	number	of	mating	pairs	
or	 the	 average	 number	 of	 partners	 for	 individuals	 of	 each	 sex)	 that	
can	 be	 compared	 with	 evidences	 of	 breeding	 activity	 such	 as	 egg	









Demographic	 approaches	 integrating	 SF	 estimation	 of	 Nb	 and	
CMR	estimation	of	Na	provide	a	good	opportunity	for	producing	reli-
able	Nb/Na	ratios	for	seasonal-breeding	species,	such	as	pond-breed-





1768);	 the	 Iberian	 treefrog	Hyla molleri	 Bedriaga,	 1889;	 and	Perez’s	
frog	 Pelophylax perezi	 (López-	Seoane,	 1885).	 Epidalea calamita	 is	 an	
explosive	breeder	that	selects	ephemeral	sites	for	laying	eggs,	taking	











1. Estimating	 annual	 Na	 (number	 of	 adult	 males	 and	 females	 sep-
arately)	 of	 the	 three	 species	 in	 a	 breeding	 locality	 using	 CMR	
robust	 design	 methods.
2. Estimating	Nb	of	the	three	species	using	the	SF	method	and	assess-
ing	 the	 reliability	of	 these	estimates	by	comparing	 reconstructed	
families	with	independent	information	about	each	species’	phenol-




2  | MATERIALS AND METHODS
2.1 | Study area and CMR monitoring program
Our	area	of	study	comprises	the	vicinities	of	Laguna de Valdemanco,	
a	temporary	aquatic	system	that	extends	across	a	maximum	surface	
area	 of	 12,800	m2	 (when	 adjacent	 meadows	 are	 flooded	 in	 early	
spring),	with	one	meter	of	maximum	depth.	This	pond	 is	 located	 in	
the	 foothills	 of	La Cabrera	 ridge,	1,055	m	above	 sea	 level,	 between	
the	 towns	 of	 La Cabrera	 and	Valdemanco	 (Madrid,	 Spain).	 It	 is	 sur-
rounded	 by	 Mediterranean	 shrubland	 dominated	 by	 gum	 rockrose	
(Cistus ladanifer).	We	carried	out	a	6-	year	monitoring	program	of	the	
amphibian	community	at	this	 locality	between	2010	and	2015,	with	
CMR	 sessions	 performed	 every	 year	 in	 Laguna de Valdemanco	 and	
in	 some	additional	minor	 breeding	 sites	 at	 a	 distance	between	270	
and	800	m	from	the	main	pond	(Sánchez-	Montes	&	Martínez-	Solano,	
2011).	Six	amphibian	species	breed	regularly	in	the	pond	(Pleurodeles 
waltl,	Triturus marmoratus,	Pelobates cultripes,	Epidalea calamita,	Hyla 
molleri,	and	Pelophylax perezi),	and	dispersive	individuals	of	Alytes cis-
ternasii, Bufo spinosus,	 and	Discoglossus galganoi	were	 also	 recorded	
occasionally.	We	addressed	the	estimation	of	the	Nb/Na	ratio	for	E. ca-













2.2 | CMR estimates of Na
As	part	of	the	monitoring	program,	nocturnal	CMR	sessions	were	per-
formed	during	the	breeding	season	of	each	species	every	year	from	
2010	 to	 2015.	 The	 entire	 water	 surface	 of	 Laguna de Valdemanco,	
shores,	and	nearby	areas	was	sampled	on	foot	without	time	limit,	 in	
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order	 to	 maximize	 the	 number	 of	 captures.	 Adult	 individuals	 were	
captured	by	hand	or	with	the	help	of	dip	nets,	sexed	based	on	exter-
nal	morphological	features	and	marked	with	an	8	mm	AVID	M.U.S.I.C	












within	 each	 breeding	 season,	with	 a	median	 time	 span	 of	 11	days),	
relative	to	the	time	span	between	primary	samples	(in	this	case,	be-
tween	different	years).	Our	final	CMR	datasets	included	capture	his-
tories	 for	542	adult	E. calamita	 (141	 females,	401	males),	415	adult	
H. molleri	(57	females,	358	males),	and	190	adult	P. perezi	(94	females,	
96	males)	marked	between	2010	and	2015.	The	total	number	of	cap-
tures	was	 1,512	 for	E. calamita	 (1–17	 captures	 per	 individual	 in	 26	
total	CMR	sessions),	526	for	H. molleri	(1–4	captures	per	individual	in	
17	sessions),	and	312	for	P. perezi	 (1–6	captures	per	individual	 in	19	
sessions).	Return	 rates	 (the	proportion	of	 individuals	 captured	more	
than	 once)	were	 0.58,	 0.23,	 and	 0.41	 for	E. calamita, H. molleri,	 and	
P. perezi,	respectively.
We	analyzed	interannual	variation	in	Na	using	the	robust	design	
method	 implemented	 in	mark	 (White	&	Burnham,	1999).	Different	
models	were	generated	by	applying	constraints	(time	and/or	sex	de-
pendence)	 to	annual	 survival	 (S).	As	no	 time	 limit	was	 imposed	 to	














E. calamita,	2	years	in	H. molleri,	and	3	years	in	P. perezi.	We	tested	
different	models	assuming	that	the	probability	of	temporary	emigra-
tion/immigration	was	either	(1)	dependent	of	the	last	probable	state	
of	 the	 individual	 (Markovian),	 (2)	 independent	of	 the	 last	probable	
state	of	 the	 individual	 (random),	or	 (3)	 absent	 (i.e.,	 temporary	em-
igration/immigration	 fixed	 to	zero).	These	 temporary	 immigration/
emigration	 probabilities	 could	 reflect	 actual	 temporary	 displace-
ments	 out	 of	 the	 area	 of	 study	 or	 individuals	 skipping	 a	 breeding	
season	 (i.e.,	 interannual	 changes	 in	 state	 between	 “breeder”	 and	
“non-	breeder,”	Cayuela	et	al.,	2014;	Cayuela,	Arsovski,	et	al.	2016;	










spectively),	one	for	H. molleri	in	2013	(n = 96),	and	one	for	P. perezi	in	
2010	(n = 94,	Table	1).	Microsatellite	DNA	genotypes	of	tadpoles	of	




































remaining	 two	species.	As	offspring	samples	 represent	a	 single	year	








2012).	 However,	 it	 is	 unknown	 whether	 females	 of	 H. molleri	 and	







2.4 | Sensitivity of Nb estimates to sibship size prior, 






number	 of	 offspring	 sired	 by	 each	 breeding	 male	 (paternal	 sibship	
size)	and	female	 (maternal	sibship	size).	Setting	a	 low	average	value	
for	 both	 sexes	 (i.e.,	 =	 1)	may	help	discourage	 false	 full	 and	half-	sib	



















3.1 | CMR estimates of Na
For	each	species,	 the	top	three	ranked	models	encompassed	more	
than	99%	of	the	weight	based	on	AICc	scores	(see	Appendix	S2).	We	













































































































































































































































































































































































































































































































































6  |     SÁNCHEZ- MONTES ET al.
among	 secondary	 occasions	 in	 any	 of	 the	 species,	 although	males	
of	E. calamita	showed	evidence	of	“transience”	effect	in	2011	(Table	
S2.2	 in	 Appendix	 S2).	 Estimates	 of	 Na	 were	 concordant	 in	 most	
years	across	different	models	 (Appendix	S2).	Values	obtained	after	
weighted	averaging	across	candidate	models	are	 shown	 in	Table	1	
(for	 the	 year	of	 the	 tadpole	 genetic	 sampling	 in	 each	 species)	 and	
Figure	1.	 Estimated	 numbers	 of	males	 of	E. calamita	 and	H. molleri 
were	 similar,	 around	150	 individuals	every	year,	 although	extreme	
high	and	low	estimates	were	also	obtained	in	some	years	(Figure	1).	
Unfortunately,	the	number	of	females	of	H. molleri	could	not	be	es-
timated	 due	 to	 their	 low	 recapture	 rate	 (0.04).	 Estimates	 of	Na	 in	
E. calamita	and	H. molleri	clearly	outnumbered	those	in	P. perezi. The 
sex	ratio	of	P. perezi	 in	2010	was	very	close	to	1:1,	and	in	the	case	
of	E. calamita,	 it	was	male-	biased	 in	most	years,	especially	 in	2013	





The	 year	2012	was	unusually	 dry	 in	Laguna de Valdemanco,	 as	 re-
flected	 in	a	sharp	drop	 in	egg	string	counts	of	E. calamita	 (from	an	
average	of	60	to	only	five	egg	strings,	Figure	1).
3.2 | Genetic estimates of Nb
Estimates	of	Nb	for	E. calamita	were	slightly	over	50	in	both	years,	
2013	and	2015	(Table	1).	For	H. molleri	and	P. perezi, Nb	estimates	
were	 131	 and	 69,	 respectively	 (Table	1).	 These	 values,	 obtained	
with	very	long	runs	of	the	full	datasets,	were	concordant	with	those	
obtained	 with	 medium	 length	 runs	 in	 the	 replicated	 analyses	 in	
the	case	of	E. calamita	and	P. perezi,	but	not	in	H. molleri	(as	shown	
by	 the	 comparison	of	Nb	 values	 in	Table	1	with	 final	Nb	 values	 in	
Figures	2,	3,	and	5).	Between	46	and	87%	of	 the	 inferred	parents	
in	 reconstructed	 families	 of	 E. calamita	 and	 P. perezi	 were	 among	
the	genotyped	candidate	fathers	and	mothers,	but	only	35%	of	the	
inferred	sires	and	10%	of	 the	 inferred	dams	of	H. molleri	were	 in-
cluded	 in	 the	 candidate	 parental	 samples	 (Table	1).	 These	 values	
were	not	affected	by	the	use	of	a	different	prior	probability	 for	a	







and	6).	According	 to	 inferred	parentage	 relationships,	 83–90%	of	
the	 successfully	 breeding	 males	 and	 86–87%	 of	 the	 successfully	
breeding	females	of	E. calamita	mated	with	only	one	partner	in	each	
breeding	 season	 (Appendix	 S3).	 In	 contrast,	 higher	 polygamy	 lev-
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3.3 | Sensitivity of Nb estimates to sibship size prior, 
sample size, and number of loci
Parentage	assignment	errors	are	possible	due	to	 limited	parental	
sampling	and/or	insufficient	marker	information.	For	this	reason,	
checking	 for	 the	convergence	of	 results	with	different	analytical	




per	 breeder	 in	 the	 three	 species	 (Figure	2).	 Using	 prior	 sibship	
size	values	between	two	and	five	yielded	similar	results	to	using	
no	 sibship	 size	 prior	 (Figure	2).	 Similar	 patterns	 were	 observed	
when	comparing	Nb	and	polygamy	rates	either	using	a	sibship	size	
prior	=	1	 or	 no	 prior	 at	 increasing	 levels	 of	 marker	 information	
(Figures	3	and	4):	the	use	of	the	prior	reduced	inferred	polygamy	
levels	and	increased	Nb	estimates	in	the	three	species.	In	the	case	
of	E. calamita	and	P. perezi,	using	the	prior	raised	estimates	of	Nb 
when	little	marker	information	was	provided	(less	than	eight	mark-
ers),	 thus	 approaching	 the	 convergent	 final	 estimates	 obtained	
with	the	full	marker	set.	However,	estimates	in	analyses	with	and	





remained	stable	 in	E. calamita,	but	decreased	 in	P. perezi.	Results	






reliability	of	results.	 In	the	case	of	E. calamita,	we	obtained	Nb/Na 
ratios	of	0.28	and	0.18	 in	2013	and	2015,	 respectively	 (Table	1).	
These	 values	 are	 higher	 than	 the	 effective/census	 size	 ratios	 re-
ported	by	Rowe	and	Beebee	(2004,	they	calculated	Ne	rather	than	
Nb)	 and	 Beebee	 (2009)	 for	 similar	 census-	sized	 British	 popula-
tions	 (i.e.,	 with	 Na	=	100–300),	 although	 both	 studies	 reported	
even	higher	ratios	for	small	populations	(>0.5	and	1,	respectively).	
However,	these	two	studies	did	not	estimate	Na	by	CMR	methods,	




















































































Nb Avge number of mates per male Avge number of mates per female
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estimate	for	the	number	of	successfully	mating	females	in	the	years	
of	tadpole	sampling	(46	in	2013	and	104	in	2015)	that	very	closely	
matched	 the	 number	 of	 potential	 breeding	 females	 estimated	 by	
the	CMR	method	(43	in	2013	and	125	in	2015,	see	Table	1).	These	
results	are	concordant	with	a	female	mating	success	close	to	one	
in	our	population,	 and	support	 the	hypothesis	 that	 counts	of	egg	




This	 indicates	 that	 our	 offspring	 samples	 did	 not	 include	 a	 com-
prehensive	representation	of	all	the	mating	pairs	of	the	year,	likely	
due	 to	high	variance	 in	 reproductive	success	after	accounting	 for	
offspring	viability	and	survival	in	their	initial	developmental	stages.	
This	could	be	associated	to	the	high	mortality	rate	observed	at	the	









those	 reported	 for	 bufonid	 species	 (Hoffman,	 Schueler,	 &	 Blouin,	
2004;	Schmeller	&	Merilä,	2007).	In	our	P. perezi	population,	we	ob-
tained	an	Nb/Na	ratio	of	0.5	(Table	1).	This	value	is	within	the	range	
reported	 for	 other	 ranid	 frogs	 (Brede	 &	 Beebee,	 2006;	 Ficetola,	
Padoa-	Schioppa,	 Wang,	 &	 Garner,	 2010;	 Phillipsen	 et	al.,	 2010;	
Schmeller	&	Merilä,	2007),	 although	 this	 is	 the	 first	 study	 integrat-
ing	both	SF	estimates	of	Nb	and	CMR	estimates	of	Na.	 In	H. molleri,	
only	 the	 number	 of	 adult	males	 (126)	 could	 be	 estimated	 (Table	1,	
Figure	1),	 so	we	could	not	calculate	 the	Nb/Na	 ratio	 in	 this	species.	
Our	 sampling	design	does	not	 seem	 to	be	optimally	 suited	 to	pro-








genetic	 information	 is	scarce	or	the	sample	size	 is	small	compared	
to	the	real	(unknown)	Nb	of	the	population	(Wang,	2016).	Analyses	
of	 such	 datasets	 usually	 lead	 to	 unreliable	 family	 reconstruction	
mainly	 due	 to	 type	 I	 error	 inflation	 caused	by	misidentification	of	
unrelated	or	loosely	related	(e.g.,	cousins)	individuals	as	full	or	half	
sibs	 (Wang,	2016).	 In	 fact,	 false	half-	sib	 assignations	are	 far	more	
common	than	false	full-	sib	identifications	in	cases	of	low	marker	in-
formation	 (Ackerman	 et	al.,	 2017).	 This	 leads	 to	 inflated	 levels	 of	









empirical	evidence	 for	 this,	 and	 thus,	 this	question	should	be	 further	
addressed	with	 the	 help	 of	markers	 such	 as	 the	microsatellites	 used	
here.	 During	 our	 6-	year	monitoring	 program,	we	 detected	 individual	















development	 (Gómez-	Mestre	&	Tejedo,	 2002).	 Immediate	 occupancy	









lows	 this	 species	 to	maintain	 relatively	high	 levels	of	genetic	diversity	
in	 scenarios	 of	 low	 abundance	 (Byrne	 &	 Roberts,	 2012;	 Lengagne	 &	
Joly,	2010).	Similar	genetic	compensation	effects	have	been	previously	
documented	in	other	anuran	species	(Beebee,	2009;	Hinkson	&	Richter,	
2016).	Alternatively,	 polyandry	 in	P. perezi	 could	be	 a	 consequence	of	
the	long	breeding	period	of	this	species,	potentially	associated	to	a	risk-	
spreading	 strategy	 involving	 spatial	 and	 temporal	 division	 of	 clutches	
(Byrne	&	Roberts,	2012).	Contrasting	Nb/Na	ratios	and	levels	of	polyg-





maintain	 genetic	 diversity,	 an	 interesting	working	 hypothesis	 that	 de-
serves	further	exploration.
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4.2 | Sensitivity of Nb estimates to sibship size prior, 







final	 results	 (obtained	with	 the	 complete	 dataset	 and	 full	marker	
information)	 with	 estimates	 obtained	 with	 subsampled	 datasets.	
In	both	 species,	 the	use	of	 the	 lowest	 sibship	 size	prior	 (i.e.,	=	1)	
led	 to	better	Nb	 estimates	 (i.e.,	 closer	 to	 final	 estimates)	 in	 cases	











4.3 | Extension to Ne/Na estimation
We	 have	 focused	 on	 the	 genetic	 estimate	 of	Nb,	 a	 parameter	 that	
intuitively	 relates	 to	 the	number	of	breeders	of	 the	 season	 (Waples	
&	 Antao,	 2014).	 Amphibians	 are	 typically	 iteroparous	 breeders,	 but	
different	 species	 show	 wide	 variation	 in	 their	 maximum	 life	 span	
(García-	París	et	al.,	2004).	Our	most	time-	distant	recaptures	so	far	are	










eration	 length	 and	 age	 variation	 in	 breeding	 success	 (Wang	 et	al.,	
2010).	 In	 consequence,	 the	effective	 size	 in	 a	 generation	 (Ne)	 could	








The	 ratio	 Ne/Na	 is	 more	 informative	 about	 evolution-
ary	 processes	 affecting	 populations	 at	 larger	 temporal	 scales.	
Distinguishing	between	intrinsic	reproductive	features	and	adap-





great	 opportunities	 for	 integrative	 demographic	 research.	 This	
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